Heterozygous Patched1 (Ptc1 þ /À ) mice are prone to medulloblastoma (MB), and exposure of newborn mice to ionizing radiation dramatically increases the frequency and shortens the latency of MB. In Ptc1 þ /À mice, MB is characterized by loss of the normal remaining Ptc1 allele, suggesting that genome rearrangements may be key events in MB development. Recent evidence indicates that brain tumors may be linked to defects in DNA-damage repair processes, as various combinations of targeted deletions in genes controlling cell-cycle checkpoints, apoptosis and DNA repair result in MB in mice. Non-homologous end joining (NHEJ) and homologous recombination (HR) contribute to genome stability, and deficiencies in either pathway predispose to genome rearrangements. To test the role of defective HR or NHEJ in tumorigenesis, control and irradiated Ptc1 þ / À mice with two, one or no functional Rad54 or DNA-protein kinase catalytic subunit (DNA-PKcs) alleles were monitored for MB development. We also examined the effect of Rad54 or DNA-PKcs deletion on the processing of endogenous and radiation-induced double-strand breaks (DSBs) in neural precursors of the developing cerebellum, the cells of origin of MB. We found that, although HR and NHEJ collaborate in protecting cells from DNA damage and apoptosis, they have opposite roles in MB tumorigenesis. In fact, although Rad54 deficiency increased both spontaneous and radiation-induced MB development, DNA-PKcs disruption suppressed MB tumorigenesis. Together, our data provide the first evidence that Rad54-mediated HR in vivo is important for suppressing tumorigenesis by maintaining genomic stability.
Introduction
Somatic loss of heterozygosity (LOH) is a common genetic mechanism leading to complete loss of function of tumor suppressor genes in both sporadic and familial cancers (Tischfield and Shao, 2003) . The critical tumor suppressor p53, for instance, is mutated in more than half of all inherited and spontaneously arising human cancers, often through LOH. Loss or inactivation of both alleles is also a prerequisite for tumor growth in individuals with heritable cancer syndromes in which each cell in the body carries a heterozygous mutation of the critical tumor suppressor gene. As an example, PATCHED1 (PTC1) represents a human tumor suppressor gene and PTCH1 functions as a sonic hedgehog receptor protein and negative regulator of the pathway. Germline heterozygous mutations of Ptc1 responsible for the Gorlin syndrome predispose to developmental defects and several types of cancer. Inactivating mutations of the remaining Ptc1 allele occur via LOH in many of these tumors (Levanat et al., 1996) . The Ptc1 heterozygous knockout mice (Ptc1 þ /À ) represent the mouse model for Gorlin syndrome, and increased susceptibility to spontaneous and radiation-induced tumor development is a feature of these mice. In this model, Ptc1 heterozygous mutation leads to the development of preneoplastic/early neoplastic stages in the skin and cerebellum of asymptomatic mice. Somatic loss of the remaining intact copy of Ptc1 is the causal event in the transition from the preneoplastic to full-blown tumor stages in basal cell carcinoma and medulloblastoma (MB) (Pazzaglia et al., 2002; Mancuso et al., 2004; Pazzaglia et al., 2006a) .
Although the molecular mechanisms for LOH are poorly defined, double-strand breaks (DSBs) have been suggested as initiating lesions for these events (Moynahan and Jasin, 1997) . DSBs are frequently generated endogenously during normal cellular processes, such as DNA replication, or exogenously by exposure to a variety of genotoxic agents, such as ionizing radiation. A role for DSBs in Ptc1 LOH is supported by the dramatic increase in MB tumorigenesis in Ptc1 þ /À mice after exposure to ionizing radiation (Pazzaglia et al., 2002) .
At least two distinct mechanisms contribute to DNA DSB repair; homologous recombination (HR), which takes advantage of either the homologous chromosome or the sister chromatid to join the broken DNA ends (Li and Heyer, 2008) , and non-homologous end joining (NHEJ), which directly joins the DSB with little or no sequence homology between the broken ends (Cahill et al., 2006) . Both pathways, through deletional or recombinational mechanisms, have the potential to cause genetic rearrangements, thus playing a critical role in maintaining genomic stability and preventing cancer. Major players in HR are the MRN (Mre11-RAD50-NBS1/XRS2) complex, RAD51, RAD54 and the RAD51 paralogs. In NHEJ, after end modification by the DNA-protein kinase complex (DNA-PK catalytic subunit (DNA-PKcs), Ku70, Ku80), ligation of the DNA ends is catalyzed by DNA ligase IV in conjunction with its binding partner XRCC4. Genetic evidence supports the concept of HR and NHEJ as distinct yet competing DSB repair pathways. The balance between them differs widely among species, among different cell types of a single species, and during different cell-cycle phases of a single cell type. The question as to whether HR or NHEJ will be used by the cell to repair a particular break is still an active area of investigation.
Knocking out genes in mice has facilitated the identification of DNA repair genes critical for oncogenesis. In the cerebellum, inactivation of Ligase IV, Xrcc2, Brca2 and PARP-1 together with targeted deletion of p53 causes rapid MB development (Lee and McKinnon, 2002; Tong et al., 2003; Frappart et al., 2007 Frappart et al., , 2009 ). In keeping with this, we have recently shown that inactivation of PARP-1 strongly sensitizes the cells of the skin and cerebellum to radiation-induced oncogenesis in Ptc1 þ /À mice (Tanori et al., 2008) . In the present study, to evaluate the relative contribution of HR or NHEJ to DNA damage and tumorigenesis in central nervous system (CNS) in vivo, we have compared the effects of germline disruption of either Rad54 or DNAPKcs on MB development in Ptc1 þ /À mice. To this aim, control and irradiated groups of Ptc1 þ /À mice with two, one or no intact Rad54 or DNA-PKcs alleles were placed on a lifetime study for MB development. We discuss the functional interrelationship of HR and NHEJ in the processing of endogenous and radiationinduced DSBs, as well as in the molecular pathogenesis of cancer.
Results
Effect of Rad54 and DNA-PKcs inactivation on DNA damage in unirradiated and irradiated cerebellum at postnatal day 1 (P1) DNA repair is critical for neural development, and defects in this process underlie neurological disease. Many human syndromes with DNA repair deficiency are, in fact, characterized by neuropathology, such as neurodegeneration, microcefaly or brain tumors, suggesting that responding to DNA DSBs is essential for neural homeostasis (McKinnon, 2009) . Given the importance of Ptc1 for CNS development and tumorigenesis, we sought to determine the potential relationship with DNA repair pathways. Although mouse studies are crucial for the analysis of cancer frequency, they are usually less informative for the dissection of end points, such as DSB processing and cell survival. The mouse cerebellum, however, is characterized by extended postnatal development, and the effects of inefficient HR or NHEJ on the processing of DNA damage can be detected and quantified in vivo (Pazzaglia et al., 2006b) . Increasing evidence points to granule neuron precursors (GNPs) as the cells of origin of MB (Marino, 2005) . Therefore, to assess the effect of NHEJ or HR inactivation on endogenous DNA damage, we examined g-H2AX staining and apoptosis in GNPs of mice with combined inactivation of either Rad54 or DNA-PKcs with Ptc1 at P1, a stage when GNPs are clustered over the cerebellar surface to form the external granule layer (EGL). We found that inactivation of either Rad54 or DNA-PKcs leads to abnormal levels of DSBs in GNPs, with Rad54-and DNA-PKcs-null mice showing a fivefold increased incidence of g-H2AX-positive nuclei compared with wild-type (wt) mice (Figures 1a-c) . Phosphorylation of H2AX marks a signaling cascade for the resolution of the break that may lead to its accurate repair, or to genomic rearrangements or apoptosis if the break is misrepaired or unrepaired. We therefore examined apoptotic cell death in GNPs. As an apoptotic marker, following confirmation by anti-activated-caspase-3 immunostaining, we evaluated the fraction of pyknotic nuclei in the EGL of mutant and wt mice (Figures 1d and e) . Inhibition of Rad54-dependent specific HR events resulted in a fourfold increase in the rate of spontaneous apoptosis in neural precursors compared with wt mice (P ¼ 0.0417) (Figures 1d and f) . In addition, abundant apoptosis was found in the EGL of DNA-PKcs mutants, with a nearly sevenfold increase compared with wt mice (P ¼ 0.0002) (Figures 1e and f) . To exclude the possibility that Rad54-or DNA-PKcs-related increases in apoptosis might be due to differences in proliferation rate of neural precursors, we compared proliferation by proliferating-cell nuclear antigen immunostaining (PCNA) in the EGL from unirradiated cerebella at P1. We show no changes in the frequency of PCNA-positive cells in the EGL of Rad54 Figures 1g and h ). In agreement with the g-H2AX data, the increased neural apoptosis associated with HR or NHEJ deficiency supports a role for both these pathways in protecting the developing nervous system from endogenous DNA damage and apoptosis.
We next analyzed the effect of genotoxic stress by radiation in the neonatal cerebellum of mice with combined inactivation of either Rad54 or DNA-PKcs and Ptc1. Compared with untreated mice, irradiation with 2 Gy of X-rays at P1 caused a strong induction of g-H2AX-positive GNPs in mice of all genotypes (Figures 1c and k) . Irradiation of Rad54 À/À mice did not modify the number of g-H2AX-positive cells at 0.5 h post irradiation over the wt mice (Figures 1i and j) . Instead, exposure of DNA-PKcs À/À mice caused a highly significant enhancement of 3.5-fold (Po0.0001) (Figures 1i and k) . We next analyzed the apoptotic response of GNPs in irradiated mice (Figure 1l ). In Rad54 mutants, an increase that reached statistical significance in apoptotic cell death was observed only at 8 h after irradiation (1.12-fold; P ¼ 0.0348). In contrast, loss of DNA-PKcs function caused significant increases in apoptotic rates at all time points, with 1.7-fold, 1.6-fold, and 2.2-fold incidences at 4, 8, and 18 h, respectively (Po0.0001). At 18 h after irradiation, a Figure 1 Effect of Rad54 and DNA-PKcs genetic inactivation on DNA-damage response, apoptosis and proliferation in GNPs. Immunostaining against g-H2AX (a, b), cleaved caspase-3 (d, e) and proliferating-cell nuclear antigen (PCNA) (g, h) in the cerebellum of unirradiated Rad54 Survival and tumorigenesis in crosses between Ptc1 and Rad54 or DNA-PKcs mutant mice To evaluate the effects of inactivation of either HR or NHEJ on survival and tumor response, groups of Ptc1 þ / þ and Ptc1 þ /À mice of the different Rad54 or DNA-PKcs genotypes were exposed to 2 Gy of X-rays at P1 or left untreated, and monitored for survival and tumor development.
First, we evaluated the effect of Rad54 and DNAPKcs deficiency on mouse survival. Compound mutants for Ptc1 and Rad54 or DNA-PKcs were viable, suggesting that combined deregulation of sonic hedgehog and DNA repair pathways is not critically important for normal development and survival. In unirradiated Ptc1
þ / þ mice, homozygous deletion of Rad54 did not modify survival relative to Rad54
mice (105 vs 109 weeks; P ¼ 0.995) (Figure 2a ). In contrast, lack of Rad54 conferred a marked radiosensitive phenotype, with significant life shortening observed in irradiated Rad54
þ / þ mice compared with unexposed mice of the same genotype (84 vs 105 weeks; Po0.0001), or with irradiated Rad54
mice (84 vs 93 weeks; P ¼ 0.0147) (Figure 2a ). This life shortening was mainly due to a significant increase in thymic lymphoma (22.2% in Rad54
Inactivation of a Ptc1 copy per se caused a sharp reduction in median survival compared with Ptc1 þ / þ mice (53 vs 109 weeks; P ¼ 0.0028) (Figures 2a and b) . In Ptc1 þ /À mice, irradiation caused further life shortening compared with unirradiated mice (35 vs 53 weeks; P ¼ 0.0093), and this effect was markedly affected by the Rad54 status (20.5 vs 35 weeks; P ¼ 0.0088) (Figure 2b) . Importantly, our data show for the first time an overt radiosensitive phenotype of Rad54 mutant mice when challenged with ionizing radiation as newborns. Consistent with previous results (Essers et al., 1997) , Rad54 À/À mice are not radiosensitive in the short term, but apparently, repair of certain radiation-induced DNA lesions by Rad54-mediated HR contributes to long-term survival.
In unexposed Ptc1
mice, loss of DNA-PKcs function significantly reduced mouse lifespan compared with DNA-PKcs þ / þ mice, due to early onset of agingrelated pathologies (Espejel et al., 2004) (17 vs 107 weeks, Po0.0001) (Figure 2c ), and irradiation did not cause further reduction of survival. Inactivation of a copy of the Ptc1 gene caused a sharp reduction of median survival in unexposed Ptc1 þ /À mice compared with Ptc1 þ / þ mice (62 vs 107 weeks; P ¼ 0.0002) (Figures 2c and d) . Irradiation of Ptc1 þ /À mice induced a drastic life shortening compared with untreated mice of the matching genotype (17 vs 62 weeks; Po0.0001), and this effect was more severe in DNA-PKcs À/À mice (11 vs 17 weeks; P ¼ 0.0002) (Figure 2d ).
Because only Ptc1 þ /À mice are prone to MB, the effects of Rad54 and DNA-PKcs inactivation on CNS tumor response were evaluated in Ptc1 þ /À mice of the three Rad54 and DNA-PKcs genotypes. There was no statistically significant difference in spontaneous MB incidence between Rad54
þ /À mice, although Rad54 deletion caused a trend towards increased MB development, and differences approached statistical significance between mice with homozygous or heterozygous Rad54 deletion (6/18, (33.3%) vs 3/29, (10.3%); P ¼ 0.067) (Figure 3a) . Notably, irradiation significantly increased MB development in Rad54 (Figure 3b) , showing a role for HR in protection from radiation-induced genotoxic damage leading to MB. Therefore, despite a mild phenotype regarding apoptotic cell death in the developing cerebellum, deletion of Rad54 significantly increased MB tumorigenesis, likely through the generation of viable but genetically rearranged neural precursors that may represent a vulnerable cell pool en route to MB. In line with this, evidence from the literature shows that Rad54 inactivation results in increased rates of spontaneous chromosome loss in diploid cells in Saccharomyces cerevisiae and in various spontaneous chromosome aberrations in DT-40 cells (Wang et al., 2000; Schmuckli-Maurer et al., 2003) .
Significantly, DNA-PKcs deletion caused a suppression of spontaneous MB, with complete lack of tumors in the DNA-PKcs
þ /À group. This result was significantly different from DNA-PKcs
þ /À mice (0/20, (0%) vs 7/33, (21.2%); P ¼ 0.037), although not statistically significant compared with DNA-PKcs (Figure 3c ). In addition, irradiation significantly decreased MB development in DNAPKcs À/À mice (7/18 (38.8%) vs 41/53 (77.4%); P ¼ 0.0072) (Figure 3d ). Because the rapid decline of mouse health and lifespan in DNA-PKcs mutants may have prevented MB development, we sought to analyze early MB stages in the cerebella of DNA-PKcs
þ /À mice at 5 weeks, when mortality rates are still low (Figure 3e ). Such early MB microscopic lesions are a typical feature of the cerebellum of young Ptc1 þ /À mice and are considered suggestive of a preneoplastic condition (Pazzaglia et al., 2002; Oliver et al., 2005; Tanori et al., 2008) . There was a modest decrease in spontaneous MB microscopic lesions in DNA-PKcs
þ /À mice (7/13 (54%) vs 7/16 (44%)). After irradiation, this trend became more evident, with a 1.5-fold difference (9/17 (53%) vs 16/20 (80%)). A 1.4-fold lower incidence of MB microscopic lesions was also observed in DNA-PKcs (Figure 3e) . Therefore, the high apoptotic levels observed in DNA-PKcs null mice (Figures 1m and n) might represent a protective mechanism that prevents the accumulation of oncogenic DNA damage in the developing cerebellum.
Biallelic Ptc1 loss has a fundamental role in progression of MB preneoplasia (Pazzaglia et al., 2006a) . Therefore, preneoplastic lesions from single and compound mutants were microdissected by laser capture and assayed for loss of the wt Ptc1 allele (Figures 3f-i) . We show that biallelic Ptc1 loss is a frequent event, occurring in 75-100% of spontaneous and radiation-induced preneoplastic lesions arising in
and DNA-PKcs (Figure 3j) . Interestingly, the rate of Ptc1 LOH appeared to be decreased in preneoplastic lesions from unirradiated (1/2 vs 3/4) and irradiated (1/4 vs 4/5) DNA-PKcs À/À mice (Figure 3l ), although these differences were not significant due to the small sample size. Collectively, these data show that loss of DNA-PKcs function decreases the frequency of early and late MB stages, as well as the rate of biallelic Ptc1 loss in MB microscopic lesions, suggesting an involvement of NHEJ in LOH events in the cerebellum. 
Effect of Rad54 and DNAPKcs deficiency on Ptc1 LOH in full-blown MBs
We went on to examine Ptc1 LOH in fully developed tumors. Spontaneous and radiation-induced MBs from single (Ptc1) and compound mutants (Rad54 or DNAPKcs) were examined with a set of microsatellite markers spanning the length of chromosome 13, where the Ptc1 gene is located (Figure 4) . Lack of spontaneous MBs prevented analysis in DNA-PKcs
mutants. In agreement with previous data (Pazzaglia et al., 2006a) , all spontaneous MBs from Ptc1 þ /À mice (n ¼ 4) showed a typical pattern of Ptc1 LOH involving loss of a large terminal region of chromosome 13. In MBs from Rad54 À/À /Ptc1 þ /À mice, two out of four tumors showed this typical pattern. Of the two remaining MBs, one showed whole-chromosome 13 loss, whereas the other was undetermined because of lack of polymorphism of many critical markers (Figure 4a ). Although these findings might suggest that the LOH mechanism in spontaneous tumors can be influenced by Rad54 inactivation, the sample size was too small to justify any mechanistic hypothesis. However, increased frequency of aneuplody, related to centrosome abnormalities, has also been observed in cells defective for other recombination genes such as BRCA1, BRCA2, XRCC2, XRCC3 and Rad51 paralogue family (Tutt et al., 1999; Xu et al., 1999; Griffin et al., 2000; Deans et al., 2003; Yoshihara et al., 2004; Smiraldo et al., 2005) .
In radiation-induced MBs, the pattern of Ptc1 LOH was distinct from that of spontaneous tumors, as previously observed (Pazzaglia et al., 2006a) . All radiogenic MBs showed large interstitial chromosome 13 deletions, suggesting different molecular mechanisms for spontaneous or radiation-induced Ptc1 loss (Figure 4b ). However, within the sample size analyzed, no obvious difference in the pattern of Ptc1 LOH was observed following genetic inactivation of Rad54 or DNA-PKcs. 
Discussion
Collectively, our data support the hypothesis that a balanced interplay between HR and NHEJ deficiencies is essential to maintain genomic integrity and suppress tumorigenesis in the developing mouse CNS, with or without exogenous DNA damage by radiation. Competition between HR and NHEJ in processing DSBs may help explain the decreased MB incidence in DNAPKcs
þ /À mice. In fact, HR may compensate for deficiency in NHEJ in DNA-PKcs mutants, resulting in increased genome stability. This is a likely scenario as DNA-PKcs is known to suppress HR of induced and spontaneous DSBs (Allen et al., 2002) by protecting DNA ends from the initial resection steps necessary for HR (Sung 1994; Baumann et al., 1996) . On the other hand, HR has been reported to be increased in NHEJ mutants (Pellicioli et al., 2001; Pierce et al., 2001; Weinstock and Jasin, 2006) . Support for an interplay between repair systems comes from our previous data showing that deletion of PARP-1-a good candidate for limiting the access of Ku to DSBs in favor of HR-mimics the effect of Rad54 deletion, accelerating Ptc1-associated tumors (Tanori et al., 2008) . Further evidence of HR and NHEJ interplay was suggested by studies of double mutant mice, in which Rad54 deletion dramatically increased radiation sensitivity of NHEJ mutants (Essers et al., 2000; Coue¨del et al., 2004; Mills et al., 2004) .
The suppression of MB tumorigenesis in mice with DNA-PKcs inactivation was unexpected because mice with disruption of NHEJ components (DNA ligase IV, XRCC4, Ku80, artemis) in collaboration with defective p53 (Lee and McKinnon, 2002; Rooney et al., 2004; Holcomb et al., 2006; Yan et al., 2006) are prone to MB. Nevertheless, Ku80-deficient mice exhibited low cancer levels (Vogel et al., 1999; Li et al., 2007) , and deleting Ku80 in Apc (min/ þ ) mice decreased intestinal tumorigenesis (Holcomb et al., 2008) . Thus, deletion of NHEJ components might increase tumorigenesis only in a p53-mutant background, dependent on the abrogation of p53 surveillance mechanisms. This hypothesis is supported by the observation that although microcefaly, growth delay and dysmorphic facial features are observed in some NHEJ-defective patients, no increased risk for brain tumors has been reported so far. Instead, mutations in HR repair factors, such as BRCA2 and NBS, responsible of Fanconi anemia D1 (biallelic inheritance of BRCA2 mutations) and Nijmegen breakage syndrome, predispose to MB, strengthening the association between inefficient HR and development of brain tumors (Bakhshi et al., 2003; Offit et al., 2003) . Several lines of evidence also link missense mutations of the human Rad54 gene to lymphoma, breast and colon cancer, suggesting a tumor suppressive function for this gene (Matsuda et al., 1999) .
Our data provide the first in vivo experimental evidence that the distinct activities of DSBs repair pathways may differentially affect cancer risk by radiation. Of note, a strong correlation between polymorphysms/haplotypes of the RAD51L1 gene and a g-radiation sensitive phenotype in glioma patients has recently been identified, supporting the notion that inability to repair DSBs by HR increases sensitivity to g-radiation and promotes brain tumorigenesis in humans (Liu et al., 2010) .
In summary, germinal inactivation of Rad54 and DNA-PKcs genes had opposite modifying effects on CNS tumorigenesis in mice, despite the common role of these genes in protecting neural precursors from endogenous and exogenous DNA damage. By providing evidence that loss of Rad54 function increases brain tumor susceptibility in a well-established animal model of MB, our data also highlight a tumor suppressor function for Rad54 in vivo. In contrast, DNA-PKcs may promote Ptc1-associated MB tumorigenesis, likely through the joining of DNA breaks into chromosome rearrangements. Together, our in vivo data help to clarify the relative contribution of HR and NHEJ DNA damage response pathways to spontaneous and radiation-induced CNS tumorigenesis by showing that factors that modify HR proficiency, such as Rad54, may contribute to the origin of 'spontaneous' and therapy-related 'secondary' human cancers when mutated.
Materials and methods

Animal breeding
Mice lacking one Ptc1 allele (Ptc1 neo6À7/ þ , named Ptc1
throughout the text) generated through disruption of exons 6 and 7 in 129/Sv embryonic stem cells (Hahn et al., 1998) and maintained on CD1 background were crossed with Rad54 À/À (Essers et al., 1997) and DNA-PKcs À/À (Taccioli et al., 1998) mice maintained on C57B/6 background. F1 mice of the desired genotypes (DNA-PKcs
were intercrossed to produce large F2 populations. Genotyping of mice was by PCR of DNA isolated by tail clip. The PCR primers for DNA-PKcs were as follows: MQ7, 5 0 -AGA CTG GCT GAT GAA AGT GTC-3 0 ; MQ3, 5 0 -TGA AAT TGT TCA GGT GTC TGT-3 0 ; PK-Neo-R, 5 0 -CGG TGG ATG TGG AAT GTG TGC G-3 0 ; DNA PK 62, 5 0 -AAG CGA TGC TGG AGC CTA TGT G-3 0 . The primers MQ7 and MQ3 amplify an B1000 bp fragment of the wt allele, whereas PKNeo-R and DNA PK 62 amplify an B700 bp fragment of the targeted allele. The PCR primers for Rad54 were 54KO1, 5 0 -AAG GAA GCA TTT ATT CGA AGT ATT T-3 0 ; 54KO2, 5 0 -TTT GCT TCC TCT TGC AAA CCA-3 0 ; 15M, 5 0 -GTT CAA AGC CAG TCA GCC TAG-3 0 . Fragments of B180 and B260 bp are obtained from the wt and targeted allele, respectively. Genotyping for Ptc1 was performed as described previously (Hahn et al., 1998) .
Animal treatment and irradiation
Mice were housed under conventional conditions with food and water available ad libitum and a 12-h light cycle. Mice were irradiated at P1 with 2 Gy of X-rays from a Gilardoni CHF 320 G X-ray generator (Gilardoni S.p.A., Lecco, Italy) operated at 250 kVp, 15 with filters of 2.0 mm Al and 0.5 mm Cu (half-value layer (HVL) ¼ 1.6 mm Cu). Experimental protocols were reviewed by the Institutional Animal Care and Use Committee.
Histological analysis and tumor quantification
Mice were observed daily for their lifespan. Upon decline of health (that is, severe weight loss, paralysis, ruffling of fur or inactivity), they were killed and autopsied. Normally appearing and tumor-bearing brains were fixed in 4% buffered formalin. Samples were processed for histological analysis using standard methods. MB incidence was expressed as the percentage of mice with tumors. The incidence of preneoplastic cerebellar lesions was determined on histological sections of 5-week old asymptomatic Ptc1 þ /À mice with two, one or no functional DNA-PKcs alleles, irradiated at P1 or left untreated. In all, 18 sections, recovered with intervals of 70 mm to ensure representative sampling, were examined for each cerebellum.
Radiosensitivity analysis
Brains (three per time point) from irradiated Ptc1 þ /À pups with two, one or no functional DNA-PKcs or Rad54 alleles were collected at 4, 8 and 18 h post irradiation and fixed in 4% buffered formalin. Brains from unirradiated pups (n ¼ 3) were also examined. Serial sections of cerebellar tissues were cut at 4-mm thickness and stained with hematoxylin and eosin. Digital images from midsagittal cerebellar sections, covering the entire EGL, were collected by IAS image-processing software (Delta Sistemi, Rome, Italy). Cells showing signs of nuclear chromatin condensation and morphologically normal cells in the EGL were counted using a double-blind method. Cell death was calculated as the percentage pyknotic nuclei relative to the total number of cells.
Immunohistochemical analysis
Immunohistochemical analysis was carried out as described (Tanori et al., 2008) . Antibodies used were as follows: rabbit polyclonal antibody against cleaved caspase-3 (Cell Signaling Technology, Denvers, MA, USA), monoclonal antibody against proliferating-cell nuclear antigen (Calbiochem, Darmstadt, Germany), and g-H2AX (Upstate Biotechnology, Lake Placid, NY, USA). To investigate kinetics of g-H2AX in GNPs in situ, cerebella from Ptc1 þ /À pups with two, one or no intact DNA-PKcs or Rad54 alleles were collected at 0.5 h post irradiation. Percentage of g-H2AX-positive nuclei in the entire EGL from sagittal sections of cerebellum (three per time point) were counted using a double-blind method. The number of cells with g-H2AX foci was calculated as the percentage of positive cells relative to the total number of cells.
Microsatellite analysis at the Ptc1 locus DNA was extracted from MB and normal tissue using Wizard SV Genomic DNA Purification System (Promega Corporation, Madison, WI, USA). A typical PCR experiment involved analysis of DNAs from tumors and corresponding genomic DNA as control. PCR amplifications were performed as described previously (Pazzaglia et al., 2000) . About 20 microsatellites spanning the length of chromosome 13 were used to examine MBs from DNA-PKcs
and Rad54
þ /À irradiated and unirradiated mice.
LOH at the Ptc1 locus in preneoplastic lesions Preneoplastic areas in cerebellum from unirradiated and irradiated DNA-PKcs þ / þ /Ptc1 þ /À and DNA-PKcs
were microdissected with a laser microscope system (P.A.L.M., Wolfratshausen, Germany) consisting of a Zeiss Axiovert microscope (Zeiss, Jena, Germany), a pulsed UV-laser (wavelength 337 nm, maximum frequency: 20 pulses/s, pulse duration: 3 ns) and a computer-controlled micromanipulator. DNAs from microdissected cerebellar lesions were extracted with PicoPure DNA extraction Kit (Arcturus, CA, USA) and subjected to nested-PCR as described (Pazzaglia et al., 2006a, b) . The product of PCR was purified (Wizard SV gel and PCR Clean-Up System, Promega) and sequenced. Sequencing reactions were performed by means of dye terminator chemistry using a Big Dye Terminator Version 3.1 Sequencing Cycle Kit and 3730 DNA Analyzer (Applied Biosystems, Foster City, CA, USA). The presence of both CD1-(C) and 129Sv-derived (T) polymorphisms at position 4016 demonstrates retention of both Ptc1 alleles, whereas the presence of a unique peak corresponding to the 129Sv allele (T) represents loss of the wt Ptc1 allele.
Statistics
Analyses were performed using GraphPad Prism version 4.02 for Windows (GraphPad Software, San Diego, CA, USA). Proliferation and apoptotic indexes are reported as means ±s.e., and the Student's t-test was used for determination of statistical difference between groups. Log-rank test was used for determination of statistical differences in percent survival between groups, and Fisher's exact test for analysis of tumor incidence. P-value o0.05 was considered statistically significant.
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